We report an original approach exploiting the photoelectrochemical properties of quantum rods and the versatility of Au(I) organometallic chemistry to control DNA surface grafting. This one-pot aqueous approach provides Janus biofunctionalized nanoparticles, the assembly of which should results in the emergence of synergistic properties.
Tailoring the properties of heterostructured nanoparticles composed of metals and semi-conductors at the scale of a few to tens of nanometers remains a main challenge in nanosciences. In most cases, noble metals (Au and Pt) have been reduced on semiconductor nanocrystals leading to new devices with synergistic properties for photocatalysis and nanoelectronics. 1 A common strategy for deriving such heterostructured nanoparticles (HNPs) is to nucleate the metal by reduction of the corresponding metal ions onto the semi-conductor surface. This process can be induced either by temperature 2 or by light irradiation 3 in an organic solvent. 4 Based on their charge separation ability, the resulting metal/ semiconductor HNPs are very attractive for light-harvesting applications as they provide at the single particle scale both tunable absorption of the solar light and a rapid charge transfer. 5 They also offer new input for further development of photocatalytic systems. 6 Yet, these developments are highly dependent on the possibility of controlling the nanoparticle organization at larger scales.
HNP assembly in a colloidal suspension can be directed by selective functionalization of the metal domain. This requires the simultaneous control of the location of this domain and its regioselective functionalization. In this context, anisotropic semiconductor quantum rods (QRs), for instance made of CdSe/CdS, are particularly attractive to specifically reduce metal salts at their tips thanks to light-induced anisotropic charge separation. 2, 3, 7, 8 Moreover, in terms of HNP organization, such anisotropic rods should favor a defined packing in condensed phases. 9 Among possible strategies based on non-specific 10 or specific interactions (such as dithiol 2 or biotin/streptavidin 11 ), self-assembled organic linkers are used to spontaneously direct nanoparticle organization by weak molecular interactions and to build ordered macroscopic structures. 9 However, the extension of these approaches to biological linkers of interest, such as DNA, 12 is rendered difficult by the poor colloidal stability of HNPs in aqueous media.
Here we present an original strategy combining the unique photoelectrochemical properties of CdSe-seeded CdS quantum rods (CdSe@CdS QRs) and the versatility of Au(I) organometallic chemistry. It not only provides a new method for the synthesis of Janus HNPs in water but also opens the door for their biofunctionalization by a one-pot reaction.
We focused on CdSe@CdS QRs that are key platforms for applications in photocatalysis 13 and imaging, 14 due to the possibility of tuning their optical properties by adjusting the size of the seed. 15 The nanoparticles were dispersed in water thanks to a robust peptide exchange strategy, as reported for CdSe@ZnS quantum dots 16 and CdSe@CdS QRs. 17 More precisely, we relied on a PEGylated polycysteine (C 3 E 6 D, Scheme 1) developed in our laboratory to replace the ligand used for the nanoparticle synthesis. We selected such peptides because of their strong affinity for the semiconducting surface, their chemical versatility, and their easy accessibility. In the same way, bidentate ligands such as dihydrolipoic acid-PEG derivatives could also be good candidates to control the photoreduction of the QRs. 18 In our case, after QR purification from the free ligands, this cysteine-based multi-thiol anchor group successfully limits aggregation 19 contrary to that observed with other transfer ligands, such as mono-thiol mercaptoundecanoic acid 20 or D-L cysteine. 21 CdSe@CdS QRs with different aspect ratios were synthesized and their ability to photoreduce resazurin, a model acceptor dye, was tested. 22 Comparing photoreduction kinetics indeed permits the selection of an efficient aspect ratio for charge separation in aqueous medium. As expected the photoreduction rate increases when the aspect ratio varies between 10 and 30, before decreasing with higher values due to the presence of crystalline defects in long rods ( Fig. S1 , ESI †). Two batches of CdSe@CdS QRs with an optimized aspect ratio were prepared for further investigations, with an aspect ratio of 14 and 15 ( Fig. S2 and S3, ESI †). 7 We next synthesized HNPs in water by photoreduction on the QR-peptide surface of the monovalent gold complex chloro-Au(I), i.e. chloro[diphenyl(3-sulfonatophenyl) phosphine]gold(I) sodium salt (Scheme 1). 6c, 23 Using Au(I) salts in the synthesis of HNPs presents several advantages in comparison to using Au(III) salts. The redox potential of Au(I)/Au (1.692 V versus the standard hydrogen electrode (SHE)) is higher than that of Au(III)/Au (1.498 V versus SHE). As only one electron is consumed for reduction instead of three electrons for Au(III) reduction, the photooxidation process altering the CdSe@CdS QRs is limited. 24 The photoreduction was realized at room temperature using a LED working at 405 nm. Importantly, to prevent nanoparticle oxidation under light irradiation, the QR-peptide suspension was reacted with chloro-Au(I) in the presence of ascorbic acid (AA) as a classical reducing agent and triethanolamine (TEA) 25 as a photohole scavenger (see sample 1 in Table S1 for the concentrations, ESI †). Because of its high oxidation potential (i.e. weak bound electron) at À3.4 eV vs. vacuum at pH 8, TEA is known to recombine with the photohole trapped at the surface of the nanoparticle on a time scale faster than the photooxidation of the CdS semiconductor material. The reaction was monitored by UV-visible and fluorescence spectroscopies and by transmission electron microscopy (TEM).
After 20 minutes, the increase of the plasmon band (490-700 nm) indicates the growth of the gold domain on the QR and the formation of HNPs (Fig. 1a ). This is further supported by the quenching of QR fluorescence, as a consequence of the formation of the metal/semiconductor heterojunction ( Fig. 1b) . Indeed, the gold domain acts as an electron sink and drags the photo-induced electron, leading to an increase of the charge separation. 1 In parallel the decrease in absorbance between 400 and 490 nm ( Fig. 1a) is associated with the photocorrosion of the QRs. 20 Meanwhile, TEM was used to confirm the formation of HNPs that appear to be highly monodisperse in terms of rod size, as well as gold domain size and position ( Fig. 1c ). Importantly, these observations show the presence of one unique gold domain per HNP, identified by the higher electron density of the metal. This domain was found to be located approximately between 1/4 and 1/5 of the total rod length. This preferential location of the metal reduction reaction on the QR has been previously reported for reduction performed in organic solvents and it is attributed to the tendency of photogenerated electrons to localize near the CdSe seed. A phenomenon called electrochemical Ostwald ripening may also be at work. 1, 25 Surface energy stabilizes larger metal crystals versus the smaller ones. The standard reduction electrochemical potential of the metal nanoparticles is negatively shifted when the size decreases. These driving forces facilitate the electron transfer from small to large nanoparticles on the quantum rods acting as conductive substrates. 26 In addition, in the absence of light irradiation, no HNP is formed (Fig. 1d ). The latter observation confirms that the metal growth is photochemically controlled.
In a second phase, TEM was used more systematically to investigate HNP morphology. Well-defined objects were obtained after an irradiation time of 20 minutes, with a slight decrease in length from L = 62.8 AE 5.2 nm for the starting QRs to L = 58.5 AE 5.0 nm for the processed ones. In contrast, for longer irradiation times a more pronounced shortening of the QR is observed: L = 49.7 AE 13.1 nm after 1 h and L = 19.1 AE 8.5 nm after 2 h ( Fig. S4, ESI †) . This degradation of the QRs is attributed to the CdS photo-induced oxidation. We secondly monitored the position of the gold domain over the total HNP length by plotting the l = f (L) distribution, where l is the smallest distance between the metallic domain and one of the QR tips (Fig. 2) . Interestingly, whatever the irradiation time (20 min, 1 h, or 2 h) and the associated QR shortening, the l/L ratio remained nearly constant, around 0.22-0.26. Since the gold particle is assumed to be located over the fixed CdSe seed, this observation is in line with an equal relative rate of CdS destruction at both ends of the rod (i.e. with l 0 being the length of the longer arm, we have 1/l dl/dt E 1/l 0 dl 0 /dt). Eventually, we monitored the size of the gold domain. Its diameter remains constant around 3.8 nm between 20 min and 1 h but was reduced at B2.3 nm for an irradiation time of 2 h. The latter observation is attributed to the partial redissolution by oxidation of the metallic particles. We also found some gold domains at the tips of the QRs (l/L = 0), maybe after the degraded QR broke apart (Fig. S4 , ESI †). To summarize, an irradiation time between 20 and 30 min induces an efficient photoreduction of the chloro-Au(I) salt as a single gold domain on the QR surface while preventing semiconductor oxidation.
We next examined how the nature of the peptide ligands could modulate the kinetics of photoreduction. By replacing the peptide derivative C 3 E 6 D by C 3 A 11 E 4 CO 2 H, which bears an additional alkyl chain (Fig. S5a, ESI †) , the reduction kinetics were much slower and the plasmon band could only be detected after 1 h of irradiation ( Fig. S5b1, ESI †) . Furthermore, a fluorescence enhancement occurred during the first 45 min of irradiation, i.e. before gold reduction could be observed (Fig. S5b2, ESI †) . As a similar phenomenon was observed in the absence of chloro-Au(I), it can be attributed to the partial desorption of the cysteine derivatives. This process may be related to the oxidation of cysteine into cystine by the photogenerated holes, as previously reported. 27 For longer irradiation times, a fluorescence quenching was observed corresponding to the subsequent reduction of the gold salt ( Fig. S5c , ESI †), similarly to that observed with C 3 E 6 D. In addition, the stable absorbance at 400-490 nm is consistent with the expected better passivation of the QR surface, which avoids the semi-conductor photooxidation. The latter observation is in line with a lower resazurin photoreduction rate for C 3 A 11 E 4 CO 2 H compared to C 3 E 6 D (Fig. S1b, ESI †) . On this basis QRs capped with the C 3 E 6 D peptide were selected for the following experiments.
To better understand the growth of the gold domain, a systematic investigation of the role of each reagent was performed at a fixed irradiation time (20 min). The different experimental conditions are summarized in Table S1 (ESI †) and the resulting heterostructured nanoparticles were characterized in terms of optical (UV-visible and fluorescence) and morphological properties ( Fig. S6 and S7 , ESI †). The above-described HNPs (Fig. 1 and 2) were prepared according to the conditions of sample 1. When chloro-Au(I) was introduced with a concentration 10 times higher than the reference one (sample 2 vs. 1), the nucleation of multiple discrete gold domains on the QR surface was observed ( Fig. S7a, ESI †) . In the absence of TEA (sample 3), no HNP was seen after light irradiation (Fig. S7b, ESI †) . Additionally, in the absence of ascorbic acid (sample 4), HNPs with a higher polydispersity in gold size, location and homonucleation were obtained (Fig. S7c, ESI †) . In the absence of both TEA and AA (sample 5), the high degradation of the QRs due to their photooxidation was striking (Fig. S7d, ESI †) . Overall, all reactants were found to be necessary to control the photochemical synthesis of well-defined single-domain HNPs, favoring localized nucleation while avoiding polynucleation and limiting QR degradation.
The opportunity to control the structure of metal/semiconductor particles in water opens the route towards their functionalization with a broad range of biomolecules. DNA is well known as a smart molecular tool to direct the self-assembly of nanomaterials since (i) the thermodynamics of association between complementary strands is well understood; (ii) oligonucleotides derived with various reactive groups are readily available. However, the final hybrid nanoarchitecture depends on the localization of DNA on the nanoparticles. In this context, our strategy is based on the pre-functionalization of chloro-Au(I) with an oligonucleotide to drive its grafting specifically on the gold domain at a given distance from the tip of the HNP. Taking advantage of the high affinity of Au(I) towards sulphur, gold(I) thiolates can be easily synthesized by treating phosphine gold chloride with a thiol-bearing molecule under basic conditions. 28 Here, the substitution of the chloride ion by a thiol-derived DNA 1 ligand (at pH 10.5) led to the formation of the DNA 1 -Au(I) complex (Fig. 3a) . DNA 1 -HNPs were next synthesized from a DNA 1 -Au(I)/ chloro-Au(I) mixture in a 1 : 4 molar ratio, under sample 1 conditions (see ESI † and Table S1 ) and using a 20 min irradiation time (Fig. 3b ). After thorough washing of the HNPs and systematic removal of soluble DNA present in the supernatant, the efficiency of DNA grafting was evaluated by UV spectroscopy. Fig. 3c shows the expected UV signature of the aromatic nucleotides centered at 260 nm, thereby proving the presence of DNA on HNPs. The presence of DNA does not affect the strong quenching of the fluorescence as reported in Fig. 1b . Importantly, This journal is © The Royal Society of Chemistry 2015 monodisperse DNA-HNPs were observed under TEM with a single discrete gold domain present on each QR (Fig. 3d) .
Eventually, we investigated the possibility of taking advantage of the molecular recognition between complementary oligonucleotides through base pairing to demonstrate the precise location of DNA on the HNP surface. Specific assembly was triggered by mixing the DNA 1 -HNPs and gold NPs (15 nm in diameter) bearing the complementary DNA 2 single strand, in equimolar proportions. Those two complementary DNA sequences were previously successfully used to control interactions between spherical silica particles. 29 Under such conditions, a particle population with a significant increase of the average hydrodynamic diameter could be detected by dynamic light scattering (DLS) (Fig. S8, ESI †) . TEM images evidence the formation of enlarged structures (Fig. 4a ). An affinity competition assay was next performed, where addition of a 100-fold excess of free DNA 1 induced the disassembly of the nanoparticle conjugates (see Fig S9a, ESI †) . On the other hand, HNPs and AuNPs bearing non-complementary DNA sequences were hardly co-localized in the same area on the TEM grid while DLS did not evidence the association of the two sets of particles ( Fig. S8 and S9b, ESI †). Altogether, these data support the occurrence of specific base-pairing interactions taking place at the surface of DNA-grafted HNPs synthesized by a one-step process. In a final control experiment, the starting QRs were processed in the presence of the thiolated oligonucleotide DNA 1 instead of the DNA 1 -Au(I) complex and then mixed with gold NPs bearing the complementary DNA 2 sequence. Under these conditions no particle association could be observed (Fig. 4b) showing the absence of spontaneous DNA grafting at the QR surface.
As a conclusion we have reported a new strategy for the simultaneous functionalization of semi-conductive quantum rods with gold nanodomains and DNA in water. Such aqueous conditions should make our method broadly applicable to a wide variety of biomolecules of interest provided that the corresponding Au(I)-phosphine complex can be prepared. In parallel, the expected location of the binding site along the quantum rod length, on the gold nucleus, offers an easy access to Janus heterostructured nanoparticles, with promising applications in the development of photoactive surfaces and interfaces.
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